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relative contributions of surface-catalyzed and gas-phase reaccions to :he total
lieat release rate in a catalytic combustor over a range of operating variables
that include gas flow velocity, catalyst temperature, surface reactivity, and
fuel-air ratio. Two catalytic combustor systems were employed. One involved
stagnation point boundary layer flow with a catalytically active flat surface,
the other duct flow in a multichannel catalytic monoclith. The experimental
studies were supplemented by theoretical calculations of heat release rates and
temperature profiles based on models ~ppropriate to the geometry and fluid dynami
of each catalytic combustion system. The result of our studies with dilute
propane~air gas mixture and platinum coated surfaces have demonstrated that in
both combustor configurations-the gas phase combustion can be initiated by the
wall-catalyzed reacticn. stagnation-point flow the heat release due to the
homogeneous reaction ia nificant at low gas velocities and high surface
temperatures. In this regivp of predominant gas-phase reaction the temperature
profile exhibits a maximum wikh respect to distance from the catalyst surface.
In the miltichannel monolith combustor, the axial temperature profile inside a
centrally-located duct is strongly affected by heat conduction. Results of the
computational analysis provide Valheble information or the effect of various
parameters on the temperature and reqction distribution ir a catalytic monolith
including surfzce reaction rate, gas-phaee reaction rate transport parameiLers,
axial conductivity, and flow velocity. \The temperature-profile characteristic
observed experimentally correspond satisfgctorily to those predicted by the
model for the case of exothermic heat release by surface initiated gas—-phase

reaction. The report 1s divided into thrée sections: (1) "Catalytic

(2) "Combustion in a Monolithiq

Combustion in a Stagnation Point Boundary Lafhr"
Catalytic Combustor with Gas Phase Reaction"
Monclith Combustion*
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SUMMARY

Engineering studies with catalytic combustors in the main burner

and afterburner of aircraft propulsion systems have been concerned with

Sl ke Gl ol o

the attainment of high combustion efficiency and flame stabilization of
fuel-air mixtures outside the conventional flammability limits. The
development of such devices that will perform at optimum efficiency

over a broad range of operating conditions requires a detailed under-

TN
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standing of the flow of a reactive gas through a duct with catalytic

T
g sl

walls. Both heterogeneous (wall) and homogeneous (gas) chemical reaction
kinetics as well as the fluid dynamics of laminar and turbulent flow

T

T
.

need to be included in a model of the catalytic combustion system. To
apply such a model it 138 necessary to establish the chemical kinetic
parameters for the surface catalyzed and the gas-phase reaztions that
individually or jointly govern the heat release rates. Of special
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interest to our study is the evaluation of the relative contributions

of surface~catalyzed and gas-phase reactions to the total heat release

rate in a catalytic combustor over a range of operating variables that
include gas flow velocity, catalyst temperzcure, surface reactivity,
and fuel=-air ratio.

In order to examine the respective roles of the various operating
parameters in the combustion process, we studied two catalytic combustor

systems. One involved stagnation point boundary layer flow with a

o

ﬂ catalytically active flat surface, the other duct flow in a multichannel
catalytic monolith. The experimental studies were supplemented by

4 . theoretical calculations of heat release rates and temperature profiles
; based on models appropriate to the geometry and fluid dynamics of each

catalytic combustion system.

The result of our studies with dilute propane-air gas mixture and
platinum coated surfaces have demonstrated that in both combustor
configurations the gas phase combustion can be initiated by the wall-

catalyzed reaction. In stagnation-point flow the heat release due to
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the homogeneous reaction is significant at low gas velocities and high
surface temperatures. In this region of predominant gas-phase reaction
th2 temperature profile exhibits a maximum with respect to distance from
the catalyst surface. In the multichannel monolith combustor, the axial
temperature profile inside a centrally-located duct is strongly affected
by heat conduction. Under our experimental conditions the wall reaction
is controlled by surface kinetics and not by mass transport of reactants
to the wall. The lucation of the maximum temperature and its magnitude
is a function of the mass flow rate of reactant through the combustor.
These experimental data are interpreted with the aid of analytical
modeling.

Results of the computational analysis provide valuable information
on the effect of various parameters on the temperature and reactant
distribution in a catalytic monolith, including surface reaction rate,
gas-p:.ase reaction rate, transport parameters, axial conductivity, and
flow velocity. The temperature-profile characteristics observed experi-
mentally correspond satisfactorily to those predicted by the model for the
case of exothermic heat release by surface initiated gas-phase reaction.
To attain high conversion efficiency of the fuel within a short length
of crtalyst, it is necessary to have high rates of surface-catalyzed
and gas-phase reactions. Increasing the reactivity of the solid surface
does not necessarily improve performance because of tramsition to a
diffusion-limited mode of operation. Very higa mass flux of the fuel-
air mixture is detrimental to performance because it shortens the resi-

dence time and reduces the contribution of the homogeneous reaction.

The following sections of this report include a detailed description
of the experiments and the results of our study. These sections are

in the form of three Technical Reporis entitled:

(1) "Catalytic Combustion in a Stagnation Point Boundary
Tayer"

(2) "Combustion in a Momolithic Catalytic Combustor with
Gas Phase Reaction"

(3) '"Numerical Analysis of Catalytic Monolith Combustion"
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Technical Report No. 1

CATALYTIC COMBUSTION IN A
STAGNATION POINT BOUNDARY LAYER

by

C. M. Ablosr; S. Schechter, and H. Wise
SRI International
Menlo Park, California 94025

ABSTRACT

In order to examine the relative contribution of surface and gas
phase reactions to the exothermic conversion of a fuel-air gas mixture
flowing over a catalytic surface, we have carried out a theoretical
and experimental study of catalytic combustion under stagnation point
flow condition3. In the presence of exothermic surface reaction the
ctheoretical model provides an analytical solution; in the presence of
both reaction modes, homogenéous and heterogeneous, computer solutions
were obtained for the total heat flux at the surface and the distribution
of temperature, reactant, and product concentrations in the stagnation
point boundary layer. Having available kinetic data on the platinum-
catalyzed oxidation of propane and on the gas phase reaction between
propane and air, we selected this chemical fuel system for experimental
and theoretical study. Experimentally the flow of the propane-air mix-
ture (1 volZ? CBHS) was directed at a quartz plate whose surface was
coated with thin strips of vacuum-deposited platinum, rhat served both
as catalyst and resistance thermometer. During an experiment the temper-
ature of each strip was maintained constant (x 5 K) by adjusting the
electrical heat input as monitored by registance measurements. By this
procedure the heat released by exothermic reaction of the fuel-air mixture
could be determined from the difference in electrical power required to
keep each Pt stip at its original temperature. With the aid of the
theoretical analysis we were able to compute the fractional contributions
of catalytic and gas phase combustion to the total heat flux conducted

to the catalytic surface. The relative contribution of each combustion
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mode depended on catalyst activity, volumetric flow rate, and fuel/air
ratio. Under our experimental conditions with transport limited surface
reaction an increase in reactant flow rate enhances the surface-catalyzed
contribution to the total heat release rate. The results obtained clearly
indicate the conditions undar which either combustion mode predominates.
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I INTRODUCTION

The development of catalytic reactors for efficient combustion of
various fuel-air mixtures is receiving considerable attention not only
in pollution control but also in gas turbine thruster technology.l'2
To a large measure the utility of catalytic combustors rests upon thei:r
ability to operate efficiently over a much wider range of fuel-air ratios
than are imposed by the flammability limits of conventional gas burners.
More recently the use of catalytic devices has been examined for Nox-
free combustion in gas turbine engines. Another interesting application
in aircraft propulsion systems is flame stabilization in after burmers

by means of catalytic devices.3"

While the selection of catalytic materials for efficient combustion
has receivad considerable attention,5 an analysis of the relative contri-
bution of gas-phase reactions and surface-~catalyzed processes to the
performance of catalytic combustors over a range of operating conditions
is made difficult by the complex interplay of fluid dynamics and reaction
kinetics. The complexity of the theoretical analysis is lessened some-
what for the case of catalytic combustion with stagnation point flow
conditions, because the flow fieid applicable to such a system is well
understood.6 The reactive gas mixture chosen “or our studies was com-
posed of propane-air since the global kinetics for the platinum-catalyzed
surface reaction7 and for the homogeneous gas-pliase reaction8 have been
measured in our laboratory. The theoretical model for reactive stag-
nation point flow over a catalytic surface, the experimental) measurements
of heat release rate, and the interpretation of the results in terms of

the model are presented in the following sections.
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II THEORETICAL MODEL

In the theorstical madeling of tha stagnation point flow catalytic
reactor we consider two-dimensional, steady flow of a compressible, vis-
cous fluid directed perpendicularly against a flat solid surface. The
fluid is composed of a mixturs of gaseous fuel and air that can undergo
exothermic reaction in the gas phase and on the surface of the solid
by catalytic reaction.

Cartesian coordinates (x,y) are introduced with origin at the
stagnation point, the x-axis along the surface in an outflow direction,
and the y-axis in the direction of the oncoming flow. The velocity
components are u and v in the x and y directions, respectively. Frem
the symmetry of the flow field, u will be an odd function of x, while
the other dependent variables, v, density p, pressure p, temperature T,
and fuel mass fractiun Y, will be even functions of x. Near the y-axis

u=x Ul(y) b
v V() xzvz(y) + ... (1)

p" po(y) + x° Pyy) + ...

where the subscript is the same as the power of x. Subscripts 0 and 1
have been omitted below for brevity.

The equation for conservation of total mass,

3(pu) . (V) .
dx + oy 0

becomes to the lowest order in x,

pU+ (W) =0 (2)

where the prime denotes differentiation with respect to y. The Navier-

9
Scokes equations for consgservation of momentum  reduce to

1-4
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2
p(US + VU') - WU + (1/2) pp =0 , (3)
WV = (4/3) @V +¢ =0 . (4)
Equation (4) shows that pressure and velocity variations go together.
For the slow flows of the present axperiments, the pressure variation
is a small fraction of its average value so that Equation (4) may be
replaced by

p * constant (5

Variations of Py with y are similarly negligible, so that | ) in Equation
(3) is taken to be a constant.

The equation for conservation of fuel readslo
dY Y} _ 8 -2 4 TR} Y . -
°("8§ S ) ax (pDS-i) dy (905;) Rg (6)

where D is the diffusion coefficient and RG is the rate of consumption
of fuel by gas-phase reaction. Near the solid surface, derivatives with
respect to x are negligibly smaller than those with respect to y. To

the lowest order in x, one obtains
pVY’ - (pDY'Y = -R, . ¢))

Fuel-lean conditions are assumed so that variations in the comncentrations

of oxygen and inert species need not be considered.

If the contributions of mechanical work and viscous dissipation are
neglected, energy conservation require99 for a steady state that heat

production be balanced by convection and diffueion.

a(er a(em) ] . 2 (,3T) _ & (,aT) .
p[u 43;_1“, 3 ] S ("-ax) 55 ("ay) (SR, (8

where C is the specific heat at constant pressure, A the thermal

1-5
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corductivity, and (4H) the heat of exothermic reaction.
nation point one obtains

Near the stag-

av(eTY - (1')Y = (aH) Rg (9)

Since the pressure is constant by Equacicn (5) the perfect gas law gives

2T = constant . (10)

At y = w,the variables have tha known values

TeT, , P=pp » Y=Y, , U=B . (11

11
Semiempirical expressions determine B for given nozzle geometry and flow.

Since U’ = U'’ = 0, Equation (3) gives

Py = =280 . 12)

On the surface of the solid, at y = 0, the velocity vanishes, the
temperatures is prescribed, and the surface reaction is fed by diffusion:

U=v=0 , T=T, , DGV =R , (13)

where Rs is the rate of consumption of fuel by the surface-catalyzed
heterogeneous reaction.

Both reaction rates are taken to be of first order in the fuel

concentration and, for these oxygen-rich conditions, of zero order in
oxygen:

RG = kG PY s RS - ks pY

Nondimensionalization

Following the conventional boundary layer developmeut12 we introduce

the nondimensional independent variable T and mass flux f, a function of
T, by

1-6
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M= y Vo Bleq + f= Vo Ba, . (15

Then by Equation (2)

PU = p Bty (16)

where the subscript 1| denotes differentistion. Equation (7) bacomes

£ + (Libg) DY)y = kg PY/p,B (17)

If the variation of C is neglected so that i

cr' - (e’ (18) 1
Equation (8) may be writtemn

fT, + Llug) (LepDT.ﬂ)n = -k, (8H)pY/p BC , (19)

o b
U ikt

where Le is the Lewis number, Le = A/pCD.

Elimination of y, U, and V from Equation (3) by means of Equatious ;
(12), (15) and (16) gives

£ - pt(g /o)y = Gleg) LulEy/odgly = 120 (20) i

Boundary conditions on Equations (17), (19) and (20) as given in
Equations (1l1) and (13) become

<

T=T , p=p, » Y=Y, , En =] at | mwe

/2

fag =0 , TaTg , GVp= RgD) o /0B

at =0 . (21)
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Small Temperature Variation

I/ the fracrional variation of temperature is small, che variations

of p and & 1in Equation (20) can be neglacted to chtuin an equation for
£ alone. '

f...n,,‘,n + fan - i; +1=0 . (22)
This equation with the boundary conditions on f in Equation (21) has
heen solved numerically by Hiemenz and others. The tabulated renulta6'12
show that, at 7| = 2.0, fn and u have reached 977 of their values at
| = », The boundary layer is therefore taken to extend from 7 = 0 to
N = 2.0. A convenient analytic approximation to f that has two place

accuracy throughout the boundary layer is given by
f = (am2 + b-‘13)/(1 +cn + b‘qz)
a=0.6067 , b=20.2692 , c =0.6338 . (23)
The indefinite integral of f is also needed:
Jf dnx-nz/z + (a=e)/b - b + c(a=-c)]in(l + ¢} + an)]/sz
4+ 2ab - c(3b + ac - c2)][arc tan (c + an)/s]/bzs ,

1/2

R (24)

8 = (4b =~

When constant average values are taken for parameters D, C, and Le,
Equations (17) and (19) reduce to

!Wﬂ + (Sf)f Yn = (so) k¥/B (25)
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T * (POIE T = ~(S)ky(am)/C8 (26

where S¢ ‘s the Schmidt number, Sc =,/pD, and Pr is the Prandtl number,
Pr = Sc/Le. '

A. Catalytic Surface Combustion

In the absence of gas-phase reaction, kG = (), the equations have
the solutions

Y = YS - (YS - YQ) CP(TI- Se)

T=T - (Tg - T,) (M, Pr) 27

where

Al Nl
oM, k) = ak) [ exp[-nlg.jofdll]d‘ﬂ

and a(k) is the constant that makes p(®, k) = 1. The tabulated12 values
of a are well fitted by

a(k) = 0.570 k0% (28)

The values Tg, T_, and Y_ in Equation (27) are known; the value of Yg

is determined by the condition at the surface T = 0 as given in Equation
(21):

1/2
Y v /D) @ity
from which
Ty = ¥, atse)Latse) + /D) G/on) /2] (29

The heat flux from the solid surface by conduction to the fluid is

. dT
QA ‘Ady }"‘0

- A1 - T,) a@eW/FETL

1-9
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The heat flux to the catalyst surface by the exothermic, catalyzed
surface reactiocn 1is

. d(py
og = (am) pdEL

y=0
= @) pY, (1/kg) +[1/D a(sc) /oBhnl) 1)

By regrouping the transport coefficients we can rewrite Equation (31)
to read '

. .1/2 “1/2
Qg=mV /ALl+ (r/kg) V7] (32)

where r=0D a(Sc)/pBO/p.
m = r(AH)pY

11
and Bo is the semi-empirical constant of proportionality  between §
and volumetric flow rate V.

B. Catalytic Surface and Gas Phase Combustion

If reaction in the gas phase 1s included Equations (25) and (26)
are not likely to have an analytical solution. They are solved here
numerically for the temperature and fuel concentration. Functions and
parameter values used in the calculations are glven in Table 1. The
coefficients D, p, and u were taken as the average of their values of

T=T, and for T = TS.

For the propane/air system, the Schmidt number Sc is nearly temper-
ature independent with numerical value unity. The Lewis number Le is
also nearly temperature independent. If the Lewis number is also taken
to be unity, Equation (25) can be replaced by the following linear com-
bination of Equations (25) and (26):

Jﬁn + £ JTl = (33)
J = CT + (AH)Y . (34)
1~10
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This equation hes Hhe solution
J = Jg = (Js - J3)) ¢, 1) - (35)

wherelfunction v 18 defined for Equation (27).

Values c: Y, and T and Ts are given in Equation (21) so that J
may be computed, while Js is known only when a value is assumed for Yg.
In the overall numerical method we therefore assume a value for the
constant Ys, obtain function J from Equation (35), replace Y in Equation
(26) by its expression as a function of J and T from Equation (34), and
then solve the nonlinear differential Equation (26) for T as a function
of T|. Equation (34) then gives Y as a function of T so that the derivative
!n can be computed at 7| = 0 and the wall boundary condition for Y in
Equation (21) used to improve the assumed value of Ys. After starting
with the two extreme values YS = 0 and Ys = Y we obtained convergence
in no more than three iterations with a secant method. In this method,
the function of YS that is zero according to the wall boundary condiction
1s taken to vary linearly between its two most recently compu:ed values.

The resulting linea:r equation is solved for the improved value of Yéu

The differential equation to be solved for T is Equation (26) with
Y reglacad b, 1its expregsion in terms of T and known function J as
degscribed above. The equation reads

rﬁn + f Tﬂ = ko (CT - J)/cCB (36)
Multiplication by the function F(]),
F) = exp ([ £ al' ] (37
glves a differential equation in self-adjoint form
(F Tﬂ)ﬂ =G » G =k, F(CT - J)/cs (38)

The finite difference method of Marchuk and Babuska13 has fourth-

order accuracy, so that only a coarse mesh is needed. It produces a

1-11
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tri-diagonal coefficient matrix from which a direct solution can be ob-

tained. The method applies to linear equations in self-adjoint form

and not to Equation (38) because kG is a function of T.
method for the linear equation

We describe the -

ol L 2 il

(FT.q)n + ST=W , (39)

i
$
3
i
i
§

where F, S, and W are given functions of T or constants independent of T,
and then adapt the method to solve nonlinear Equation (38).

S i R

Divide the interval of integration ﬂo =T g T, into uniform sub-

intervals each of length h and let subscript i denote evaluation at a point
Ny= no + th: F1 = F(ﬂi) = F(ﬂo + ih), and similarly for the other ;
functions. Let a super bar denote the harmcnic mean: :

e e B ot ot RN AT Al 5 225

= 6/|F +4 L4t ) 4
i- 1/2 i i+1/2 * ;

Tridiagonal matrices B and M have for the three non-zero elements in their ;
i~th rows [Boi, By B ] and [Moi,
a mesh with n 1nterior points,

R 1 o

11’ MZi; where, for 1 = 1, 2,..,n on ?

-1
=[2+ (31-"i 12~ F ) F F_ 123748

/48

"'l b -1 -l = 1

-1 F-l

B s+1/2 =~ 1) Fig12

21

(2 + (3F 3748 | ;

- 2 z
Mg = ~Fig *0 S0 B

M., = F + F + h? S

11~ Fie1/2 T a2 1 By

M + hz ]

= -F 40
21 = “Fia1/2 1+1/2 By (40)

The finite difference approximation to the differential equation and

boundary conditions is then

. S iy i B < i e
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MTe= h2 BW+C (41)

where T 1s the n-dimensional vector of unknown values of function T at
the interior mesh points, W is the similar vector of known values of
function W, and C is the vector with all zero entries except for

(uz Bol Wo - Mol To) as first entry and (h2 an Wn+1 - M2n Tn+1) for
n-th. Since the matrix M is tridiagonal, symmetric and generally non-
singular, Equation (41) can be readily solved for T by recursion. The
truncation error is of the order ha, which allows for a smaller number

of mesh points than more conventional difference methods. We tested

this method over the interval 0 =< T £ 2 with £(1}) = 21|, which, for kG s 0
and appropriate boundary conditions, yields the error function. The

solution calculated with n = 31 was accurate at 1| = 1 to six decimal places.

For Equation (38), the nonlinear equation of physical interest here,
Newton's method provides a linear differential equation for 6, the
difference between the present guess T° at the unknown function T and
its generally more correct value ™ + 5.

(F 60p= GO 6 = = (FI)q + €° (42)

)
Uil
where G° is G evaluated with T = T° and GT is the partial derivative of
G with respect to T. This is a linear differential equationfor & in the
form of Equation (39) so that the finite difference method used for
that equation can be applied here.

14

A theorem of Henrici ™ implies that the sequence of improved values

of T, each obtailned by Newton's method, will converge to the desired

solution if G

T 1s non-negative. Now

GT - kG,T F(CT - J)/CB + kGF/B

"kG,T F(AH)Y/CB + kG F/B
In these expressions kG is a positive rate constant that increases with

temperature, so that kG T is positive, and the other quantities appearing

1-13
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are all positive so that the condition for convergence is that the ratio
kG,T (AH)Y/CkG be less than unity. However, the iterations did converge
with the ratio of the order of ten. We took for the initial guess °,
the solution to the lite«r equation obtained from Equation (38) by

setting kG = 0, The number of iterations required was rarely more than

six to achieve five place accuracy in a solution to the discrete problem.

To check the ancuracy of the soluti~n we tested the code on the
problem

' = 2 exp(u)/(cos 1)2
u=0atT =x1
with solution
u =2 In [ (cos 1)/cos N]
The exact value of u at Tj= 0, u =~1.231253, was computed except for a

6 rather than a 3 in the last place. The calculation had 31 interior
nodes, was started with u° = 0, and converged in 5 iteracions.

1-14
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IITI RESULTS OF THEORETICAL ANALYSES

In the absence of gas-phase reaction the results of the theoretical
analysis show an interesting relationship between the exothermic heat
release rate at the surfacc and the parameters involving chemical kine-
tics and fluid dynamics. The rate of heat transfer to the catalvtic
surface for a giveu fuei-air mixture exhivits two :ragimes depending on
the relative magnitude of the two terms in the denominators of Equations
(31) and (32). For the term D a(Sc) (pB/u.)l/2
at low gas velocity Impinging on the stagnation plate or with h.gh rate

<< ks, as would prevail

constants for the surface catalyzed reaction, the exothermic reaction

is controlled by diffusive and convective transport of reactants to the
catalyst surface. Under these conditions the term containing r is small
in Equation (32) so that the heat release rate becomes a linear function
of the square root of the gas velocity. By contrast, at high convective
flow the term is large, and the heat release is governed by surface
reaction kinetics and is inacpendent of the gas velocity.

We have carried out some calculations for the C3H8-air system under
study, uging the model with surface catalyzed reaction involving Pt as
the catalyst. For this analysis we have evaluated the parameters appro-
priate to this reacting system and to the physical geometry of the stag-
nation point flow apparatus discussed in further detail in the follow-
ing section. Using temperature-averaged transport coefficlents and the
measured reaction kinetics for Pt-catalyzed combustion of propane-air
mixtures,7 we are able to calculate on the basis of Equation (32) the
heat release rate at the surface as a function of the propane concen-
tration in the.gas stream, the surface temperature of the catalyst, and
the reactant flow velocity. The results shown in Table 2 are limited
to the surface catalyzed reaction and do not include any contributiom
from gas-phase combustion. The two reaction regimes are clearly dis-
tinguishabl~ by the use of parameters in the table. One involves t?e
transport limited surface process at low gas velocities, i.e. when V
<< (kS/r)z. Under these conditions the heat release rate becomes

1-15
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proportionnl to the square root of the volumetric flow rate of the

reactant gas mixture, i.e., Qs is a linear function of Vl/ with slope

m, which is nearly ind.pcndcnt of temperature. At higher gas flow rate, .
so that V >> (k /r) , the heat release rate is governed by reaction

kinetics; QS equals (m ks/r) and is independent of V. | !

When both gas-phase and surface reaction are present an entirely

different pattern emerges. Besed on the results of the numerical analy- i

sis we have aevaluated the relative contribution of the surface reaction

to the total heat releagse rate at the surface (Figure 1l). At low sur-

b sl 1

face temperature and high gas flows the prepouderance of the surice

A IS Ay, R A

reaction becomes quite apparent. For example, with a gas mixture con-
taining 1 vol percent C3H8 and a flow rate of 10 liters/minute, we find :
that the heat release traverses from a predominant surface reaction at Lo

650 K to a predominant gas~phase reaction at 950 K. Reduction of the
rate constant for the surface reaction, by reducing the preexponential
factor by three orders of magnitude, is shown to be accompanied by a ¢
decrease .n the heterogeneous contribution to the overall heat release ;
rate (Figure 1). i

w
P R O =t o

The temperature profiles in the stagnation point boundary layer i
offer some insight into the effect of the gas phase reaction on the

ORI

temperature gradient near the surface. The temperature profile at high

gas veloéity is characteristic of the predominantly surface catalyzed

reaction (curve A, Figure 2). At lower gas velocity (curve B) the

temperature gradient at the surface changes from negative to positive,
as the gas-phase reaction predominates. Similar trends prevail in the

3 temperature profiles computed at the higher surface temperature, except

T CUNPTE S RN P A GP R,

that the gas phase reaction contributes to the heat received by the
surface even at the highest reactant flow rate shown. The temperature

gradient at the surface is markedly reduced from that seen at the lower

P TSR

- surface temperature for the same gas flow rate.

Of further interest is the fuel concentration profile in the

stagnation point boundary layer adjoining the catalytic surface. As

1-16
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shown by the data plotted in Figure 3, the profile depends on the relative
contribution of gas and suriace reaction. At the lower gas velocity
the fuel concentration is significantly reduced throughout the boundary . §
layer. This result is to be axpected, since the gas phase contribution “i
to the heat release is much greater at the lower velocities (Figure 1). :
1
—;i
i3

3
.
1 4
17
i
{
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IV EGPERIMENTAL DETAILS

The stagnation point flow reactor selected for our studies is shown
schematically in Figure 4. A stream containing the propane-air gas
mixture of the desired composition is directed in an upward direction
toward the catalytic surface, composed of a quartz support plate (10.4
cm x 10 cm x 0.1 cm) onto which a serles of 12 separate platinum strips
have been deposited by vacuum evaporation of the metal.* Each individual
strip of the metal film (0.4 cm x 10 cm) extends over the entire width
of the quartz plate. In the central section the metal film over a dis-

tance of 8 em has a thickness of 4 x 10-5 cm while near the two ends,

over a distance of 1 cm, the film thickness is 12 x 10“5 cm. Each of
these Pt strips, separated by a distance of 0.1 cm, serves as a catalytic
surface and resistance thermometer. At the ends of each strip electrical
contact is made to a DC power supply and electrical circuit for resistance
measurement. First each strip is heated electrically in an inert gas
stream to specified temperatures, as measured by a radiation thermometer
(with proper emissivity correction, e= 0.65), and its electrical resis-
tance recorded at each temperature. Because of the difference in film
thickness the temperature in the central portion of the Pt strip effec-
tively governs its resistance. Over 90X of the length of each strip the
temperature was found to be uniform within £ 5 K, with a sharp temper-
ature gradient at the juncture with the thicker film ends. The electri-
cal power required to maintain this temperature is measured as a function
of inert gas velocity impinging on the plate. Subsequently we determine
the power required to keep each strip at the same temperatuie (resistance)
in the presence of the fuel-air mixture impinging at the same total gas
velocity. Because of exothermic reactions at the surface and in the

gas phase, the difference in power requirement represents the energy

*We would like to thank Dr. R. W. Schefer of the Lawrence Berkeley
Laboratory for preparing the catalyst coated quartz plate.
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generated by the chemical reaction. Thus, our measuremants were carried
out at constant catalyst temperatures, but different gas velocities and
fuel-air mixture ratios. The incoming gas temperature in this seriles of
experiments was maintained at 293 = 5 K. The gas entered through a duct
of rectangular cross section (1 cm x 8 cm), sepearated from the plate by
a distance of 0.65 cm. The duct wasz oriented parallel to the Pt strips.
The central strip was located in the center of tha nearly two dimen-
sional stagnation-point flow. During an initial heating period in

nitrogen of about 2 hours the film sintered, and subsequently exhibited
little change in its electrical properties, as determined in a series of
recalidrations of its electrical resistance as a function of temperature.
The quartz/Pt catalyst plate was rigidly susp:nded inside a glass cylinder
(15 cm in diameter) throigh which a slow stream of N2 was passed to sweep

away the reaction products.

s inl s i i+
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V  EXYERuirininial. RESULTS

As might be expected, the highest rate of exothermic reaction
occurred near the central Pt strips exposed to the stagnation point flow
containing C3ﬂs-air. As a result it was found expedient to monitor
only the heat release rates on the three central strips, which were
responsible for more than 90% of the heat released to the entire
catalyst plate over which reactive gas was flowing. The results of two
experiments carried out at different catalyst temperatures are shown in
Figure 5 for a fuel-air gas wixture ~ontainierg i volX C3H8. Here we
correlate the meas ired heat release rates to the square root of the
volumeiiic flow rate of reactive gas, as suggested by the theoretical
analysis. Over a range of catalyst temperatures the experimental results
are summarized in Table 3 in terms of the ratio of the heat release rate
to the square rovt of the volumetric flow rate. It is to be noted that
with rising catalyst temperature the ratio grows, i.e. for a given
volumetric flow rate the heat release rate increases. If we were dealing
entirely with transport controlled surface reaction this ratio would
tend to decline, as manifested by the theoretical data listed in Table 3
(column 4). However the combined contributions of surface and gas-phase

reactions readily explain the experimental results (Table 3).

The theoretical data are derived from the model by setting up the
heat balance equation for the central platinum strip. The power éw
required per unit area to maintain the strip at a fixed temperature
is given by

Qp = Q + Q3 - Qg

where QA is the heat conducted to the gas stream, QB is the heat lost
to the surroundings by conduction through the quartz plate or in other
ways, and QS is the heat generated by surface reaction. Theoretical

expressions are given for QA and QS ir %Squations (30) and (31). Let
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added subscript I denote the values for an inert gas strean and subscript
F for a stream with fuel present. Then

Qpr = Qpp and Qg = 0

kbt e

80 that

i = Qwr " Qi - r * %f (437

This difference Q,

el b 0k ks s

is the heat release rate measured experimentally for the data points in
the figures and computed theoretically for the entries in Tadle 3.
Equations (30) and (31) show that

el tatlihi ittt Ll ot

3. - 0. =-23L - d(pY -
Q - Qg=Agy - (&) pSEL ar y .o

Since A = pCD and variations of p are being neglected, this difference
may be written

. . q
Q, =~ Qg = -(/0) E;-[CT + (AH)Y] at y =0

L LT T et =7 P g

or by Equation (34) 3 f

. . dJ .
QA"QS"(“C)E; at y = {

1 e i b 401 o v

so that

. dJ dJ
Q= -0 (?f“"x) at. y=0 (45)

In the model, function J as given by Equation (35) is influenced by
reaction only through YS and Y_ . For the data gshown in Figure 5 Y_ is
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independent of flow speed and temperature and, in the diffusion controlled
regime prevail:!.:.\g, YS is always zero. Hence SJI - JF) 18 a fixed func~
tion of T}, and Q i{s proportional to dfj/dy or V /2 a8 shown in Figure 6.
The theoretical calculations of the separate contributions of the gas

and surface reactions to the total Q are algo shown in Figure 6.
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VI DISCUSSION

In this study we have been able to demonstrate the contribution of
heterogeneous and homogeneous reactions to the combustion of fuel in a
stagnation point flow reactor with a catalytic surface. The theoretical :
analysis clearly indicates the conditions under which either combustion %

mode predominates. At 650 K the surface-catalyzed reaction is the major
component of the total heat-release rate (Figure 6) over nearly the

entire range of fuelwalr gas velocities. An entirely different pattern f
emerges at 850 K. At this temperature we note the gradual transition 4%
from gas-phase predominance to surface-controlled heat release. At a

flow rate of 160 cm3-s‘l the heat release rates by homogeneous and

heterogeneous reaction are equal. At higher flow rates the gas-phase

- PRI AT T

contribution declines relative to the surface reaction. The general

pattern emerging from this analysis bears some similarity to the nume- .

rical analysis of CO oxidation catalyzed by Pt in a monolith reactor.15

It is to be noted that in the heterogeneous regime in which the %
heat release rate is transport limited, a more active catalyst will not i
improve the heat release rate. Only at impingement gas velocities so 4
high that the catalytic reaction limits the conversion rate will an HE
improvement in catalyst activity be accompanied by an increase in the j f

surface~kinetics controlled limit of the heat-release rate.

B b i i
[N
ey o e«

The heat release rate by catalytic surface reaction attains one
balf of its maximum value (m ks/r) at the square root of the volumetric

flow rate (ks/r). These values are given in Table 2. The flow rates §

i

required are considerably higher than employed in our experimental
studies. Thus, in order to attain high combustion efficiency at mode-

rate volumetric flow rates of fuel-air it is necessary to promote gas-
phase combustion.

In general, the heat release rates measured experimentally compare

favorably with the values derived from our theoretical model when the

contribution of both combustion modes, heterogeneous and homogeneous,

1-23
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is taken into account. The theoretical ratio Q/Vl'2
temperature (Table 3).

is independent of
The analytical modeling 3suggests a suitcble
experimental approach to measure the contribution of gas phase reaction

to the combustion process in stagnation point flow. The tEmpetature
profiles in the boundary layer near the catalytic surface exhibit marked
differences in the presence of homogeneous reaction (Figure 3). Thus a
detalled study of the temperature distributions at various volumetric
flow rates of fuel-air and different catalyst temperatures would allow

elucidation of the gas-phase kinetics and its contribution in the overall
combustion process.

In conclusion, the work described provides detailed information
on the contribution of surface-catalyzed and gas-phase reactions to the
combustion of a fuel-air mixture in stagnation point boundary layer flow.

To make the theoretical model more precise the restriction of the Lewis

number tc unity should be removed. Experimentally, temperature probing

within the boundary layer would further strengthen our understanding of
the interplay of homogeneous and heterogeneous reaction kinetics with
the fluid dynamics near a catalytic surface.
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Table 1 4
FUNCTIONS AND PARAMETER VALUES FOR |
THEORETICAL CALCULATIONS
—1
Quantity Equation | Reference
By = 3.44 x 1073 (s-]'/cm3-min-1) (32) 11 'R
AH = 1.1 x 10% (cal.g™h) (8) 17
kg = 1.1 x 10° exp(-17000/RT) (em-s™0) (29) 7
k= 1.7 x 103 3 -1 -1
c = 17x exp(-21000/RT) (cm”+s ~-mol ) an 8
; wip = 9.36 x 1070 T1-707 (p2.471y (15) 12*
E - D= 2.70 x 107 %% (cn?.s7L (16) 16" 3
; C = 0.30 (cal-g t.x™h (8) 17 %
pT = 0.35 (g-K-cm-B) (10) 17" ,.
5
' i
1 * :
E Fit to data for air. f <
. *alue for Co, .
.
i
j 4
i ﬁ
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; Table 3
HEAT RELEASE RATES AT
s - VARIOUS CATALYST TEMPERATURES ;
| V)
-2 - - / {
Catalyst Q/v L(cal-cmz-s 1)/(c1n3~s 1)l 2] x 102 i
(32?9) Temp?;;ture Experimental Theoraetical Theoretical é
(surface) (surface + gas) §
1.0 650 2.00 1.72 2.48 ]
733 2.52 1.63 2,47
850 2.80 1.55 2.41
0.5 733 0.98 0.81 1.21
VF
|
71

——r e s, e
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LIST OF FIGURES -
- 1. Theoretical Fractional Countribution of Surface
Catalyzed Reaction to Total Heat Release Rates.

2. Theoretical Temperature Profile in Stagnation Point Boundary
Layer

3. Theoretical Fuel Fraction Profile in Stagnation Point Boundary
Layer.

4. Catalytic Combustor With Stagnation Point Flow.

5. Experimental and Theoretical Rates of Heat Release to the Catalytic
Surface (1 volX C3Hg in air; Pt-catalyst plate).

6. Theoretical Heat Release Rates by Heterogeneous (surface catalyzed)
and Homogeneous (gas phase) Reactions.
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FIGURE 4 CATALYTIC COMBUSTOR WITH STAGNATION POINT FLOW
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EXPERIMENTAL AND THEORETICAL RATES OF HEAT RELEASE
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COMBUSTION IN A MONOLITHIC CATALYTIC 2

COMBUSTOR WITH GAS PHASE REACTION !

by

C. M. Ablow, B. J. Wood, and K. Wise ]

SRI International i

Menlo Park, California 94025 17

ABSTRACT b

i3

.

Experimental observations of the temperature disgstributions in a i %

multichannel catalytic monolith, through which a mixture of propane and : ?

air is flowing, have been correlated qualitatively with a theoretical 3

model. The correlation shows that gas-phase reaction is initiated by N

the catalyzed heterogeneous reaction, that the combustion 1s strongly : i

influenced by heat conduction in the web of the solid, and that the S
surface reaction rate can be slow enough and the transport fast enough

for chemical kinetic control of the process.
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I INTRODUCTION

The design of a multichannel catalytic monolith for use as a flame
holder1

initiation of gas-phase combustion by the heterogeneous reaction on the

in aircraft afterburners will require accurate modeling of the

catalytically active surface. A steady-state, one-dimensional model

that relates gas properties average at each cross section in a cylindrical

Lo
FUNIRATI S O SR TP S VY

catalyst channel to the local wall temperature and reaction rate by mass

and heat transfer coefficients has beern formulated with various degrees

of approximation by several aut:horss.z_6 Based on such theoretical

RPN A PR SR PO

modeling, the predicted behavior of the system can be categorized into

6,7

‘| . three distinct regimes, dependent on the magnitudes of the system

o ATl

variables, such as gas velocity, temperature and fuel/air ratio. Briefly,

these regimes comprise the following patterns: (1) a gradual increase

1

)

|

:

i of temperature with distance into the monolith; (2) a sharp temperature

g increase at the inlet or within the monolith; (3) a major contribution
to total heat release by gas-phase reaction. Since the role played by

gas-phase reactions irside the monolith is of special interest, we have ; >

carried out a series of experimental measurements designed to examine I

this regime in more detail. Their theoretical interpretation indicates

that axial heat conduction by the solid monolith has a significant effect

LT b VU 4 T
L

on combustor performance, even in the central channels of a large-diameter

monolith where radial conduction is of lesser importance.
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In order to reduce heat losses by radial conduction and more closely

approximate the adiabatic condition: in an interior channel of a catalytic

it A,

monolith, the single-tube combustor used in earlier studies5 was replaced
by a multi-channel unit. The need for an array of channels with identical
flows through them was clearly established by our successb in fitting to

our model published data obtained with a monclith composed of several

ot B b e st e

channels5 after taking into account heat transfer to the surroundings. :

The combustor is a 2.5 cm diameter core cut from a cordierite momno-
lith.* It is 14 cm long and is completely coated with a platinum-
impregnated alumina washcoat. Each channel has an open cross secticn
0.145 cm square (Figure 1) with a web thickness of 0.028 cm, and hydraulic

radius RH = 0.0363 cm. There is a minimum number of ten channels across

(S SISRTRAER TR TR RSSO T S PR

any diameter of the core. Three of the channels were closed to gas flow

a

by a plug of Sauereisen No. 1 cement at the upstream end of the combustor,

b,

as shown in Figure 1.

The catalytic monolith was situated in a 2.5 cm inside diameter fused
quartz tube (Figure 2), and held in place with quartz retaining rings

cemented to the tube. Propane-air and carbon monoxide-air mixtures were

prepared by metering the gases through flow meters. The selected gas f _'t

mixture entered the fused quartz tube and flowed through a 30 cm long
section heated by an electrid® furnace. At the end of this preheat section
the combustible gas mixture entered the combustor, which was also heated ‘

by an electric furnace. At the outlet of the catalytic monolith, the

B S X 1 it s i S A

’ gases passed through a 15 cm long section of the fused quartz tube before E '%

being vented into a fume hood. 1 uﬁ

The axial and radial steady-state wall temperature profiles in the

closed channels of the combuster were monitored by a set of three chromel-

alumel thermocouples in 0.1 cm sheaths with exposed junctions. A fourth 3
thermocouple was located in a central open channel to monitor the gas :

temperature. These thermocouples were attached to a single movable

*The material was kindly provided by Dr. L. L. Hegedus, General Motors
Research Laboratories, Warren, Michigan.
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fixture so that they could be moved axially as a unit to any desired
cross section within the combustor. An additional thermocouple was fixed
in the gas stream 1.5 cm ahead of the catalytic moneclith.

Samples of gas from the feed stream and the product stream of the
resctor were taken with gas~tight syringes. The samples were analyzed
for propane, carbon monoxide, and carbon dioxide by injecting them into
a gas chromatograph with Porapak T and 5A Molecular Sieve coluras. Com-
plete conversion of the fuel to CO2 o?cutred during passage of the gas

1

through the catalyst in al runs with V< 8 Lemin™t., With V = 8 1’,~m:Ln"l

96 vol% of the propane in the feed stream was found to be consumed.

Results of the experiments are presented iun Figures 3 through 5.
The radial profiles of the temperature at various axial distances from
the inlet to the monolith (Figure 4) exhibit only small gradients. Hence,
neglect of radial heat transfer in our analytical model represents a

reasonable approximation of the exper ‘mental situetion.
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III THEORETICAL MODEL

. *
A. Duct Flow Model

The steady-state temperature and concentration distributions in each

12 it e R b i b e M1,

duct cross section are modeled by their average plug flow values in the .
gas phase, denoted by subscript G, and their values at the catalyst sur-~ g
face, subscript S. The heat balance in a cross section of the fluid f
reads 2 !

! d a1y

i Riax Pev S T = Ry rg T3

: dx ;

EN _

IEE , = ho (T, - TS) + RHQk Fe Yo (1)

where, for the fuel-lean case, the nearly constant concentration of

? oxidizer is included in the reaction rate constant k.. The heat transfer

T

coefficient may be expressed in terms of either the Stanton or Nusselt P

numbers:

hT = va CGSt - (AG/QRH)Nu

The fuel mass balance in the fluid gives

] B dh® et Lot o

‘ gty
RH dx (pG‘FYG) = RH D de

- hylpg Yo = Pg¥g) = Rykepo Yo - (2)

it e

The mass transfer coefficient hM may be written in terms of the diffusion

coefficient D of the fuel through the gas mixture and the Sherwood number
‘i Sh:

PREURNIS EN

3
s
3

hy ~ (D/4R)Sh . i

i
é
3

*
The notation used in this paper 1is identical to that found in reference 6.
2-5
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The fuel that diffuses to the surface of the catalyst is consumed
by the reaction:

hM(pGYG - pSYS) = kspSYs . (3

Finally, heat balance in the duct wall may be written as:

d3Ts
dx
+ kapSYs - Nw hT(TS - TE) (%)

where Nw 18 the ratio of the heat transfer coefficients for exterior and

interior temperature differences (subscripts E and S, respectively).

. B. Governing Parameters

The governing parameters are found by a nondimensionalization of

the equations. The dimensionless distance and temperature, § and T, are
4
taken to be :

i

: € =x St/R; , T = T/AT, (5) 1"

where the adiabatic temperature rise ATA’ igs defined by

[FTESR TR

AT, = Q Y54/Cq

"
and a constant, uniform, average value is taken for the Stanton number,

St, and for the other transport parameters, lNu, Sh, D,A.G, etc, -a

Since m = Pgv is a constant, Equation (1) may be divided by mCG(St)ATA
to obtain

(R T - - 3
e TG/Peh (TG TS) ]

+ RH QkaGYG/mCG(s:)ATA

2~6

T ————
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where Peh the Peclet number for heat transfer in the stream, is defined
by

Peh - RH w CG/AGSt

and the primes denote differentiation with respect to §.

Introduction of the unburned fuel fraction y as a dependent variable,
and use of the constant pressure relationm, pGTG = constant, reduce the
equation to

' " - - "y
e -TG/Peh (Tg = 7g) + kg yG/-rG R
kG = kG RH pGOTGo/m(St)ATA (6)
Similar manipulation of Equation (2) results in

yb - yG /Pe - (Sh/Nu Le)EYG (PS/P )ys] GYG/TG

where Pem, the Peclet number for mass transfer, is defined by
Pem = RH m/pGD SE = LePe,

and Le, the Lewis number, is defined by Le = X/pGCGD. The analogy bet-

ween heat and mass transfer,MSh = Nu, gives
- o " - - .
Yg= =¥/, bg = (pg/og)ygl/(Le) - cyc” (7
Equation (3) reduces by the same method to
Vg = (g/rglyg = (Lo)kgye/Te

ke =k

S P o Go/m(St)AT (8)
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Finally Equation (4) becomes
" -
'rS/Pew +T5 = Tg

SYS/T = Nw(TS - TE) (9)

where Pew, the Peclet number giving the ratio of heat transfer between
gas and solid to conduction in the solid wall, is defined by

2 2
= RH hT/Rwhs(St)

The fuel fraction Yg at the catalytic surface can be eliminated from
Equations (6), (7) and (9) by use of Equation (8). There remain the three

following equations for the three variables Yoo Tgo and TS:
- Th/Pe, + T = -(T, ~T) T‘G ¥e/Tq . (10)
- y'('.’./Pem + yé = -Fy, ~ GyG/T (11)
'r'é/Pew + Te = T + FyG - NW(TS - TE) ,

F=1/(Le + TG/kS) (12)

¥raction F may be recognized as the factor that indicates the control of
the heterogeneous, catalyzed reaction either by chemical kinetics, 1if ES
is small so that the second term dominates, or by diffusion, if is is

1arge.8

This system of differential equations has a definite solution only
if six i ~undsxy cun- .ions are specified, such as the following. Entry
values of gas compositicn and temperature determine Ye and Te at § = 0.
Little heat is conducted through the ends of monolith duct walls so that

one may take

T% =Qat % =0and§ =1 .

2-8
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The fuel concentration and temperature in the gas stream at § = L, the

exit from the monolith, will be continuous with conditions downstream.

Precise conformance to these boundary conditions is not needed to apply .
the model qualitatively.

C. Application of Theoretical Model

Numerical values of the parameters were used to further simplify

the model in the present application. Theoretical calculations9 for the
viscosity, conductivity, and specific heat of the pure gases N2 and 02
have been averaged to give the values presented in Table 1. The volume-
tric flow rate 6, an experimental variable, together with the demsity
from the perfect gas law, determine the Reynolds number, The diffusivity
of propane has been taken to be the same as that for carbon dioxide,lo
a gas of the same molecular weight. The calculated value of the Lewis
number used in the model is near unity at all temperatures.

Experimental values of the flow rate V were no greater than 10 z-min_l.

Hence, the Reynolds number is small and a laminar flow value for the
Nusselt number11 can be used to compute the Stanton numbers tabulated
in Table 1.

The stream Peclet numbers for mass and heat are equal in a gas with

Le = 1 and may be readily computed,as can the wall Peclet number when

Ty e

the wall conductivity is known. Our experimental determination of the wall

Y

conductivity is described in the Appendix. Since the wall Peclet numbers

are two orders of magnitude smaller than the stream numbers and since

these numbers appear as reciprocals, there is some justification for

simplifying the equations of the model terms containing Pem and Peh.

Finally for a duct in the center of the monolith, surrounded by

ducts containing similar reactive flows, radial heat transfer can be

neglected. Then Nw = () and the equations of the model reduce to:

! % - - 3.
Ta (TG TS) + kG yG/'rG (13)

¥y = = Fyg -k v5/7, (14)

| 2-9




" -
'rs/Pew +To =Ty + Fy, = o . (15)
A linear combination of the three equations,

" - ! - -
TS/Pew Te yb 0

can be integrated to give

' = - -
TS/Pew Te + Ye = Teo 1 (16)

Where the constant of integration has been evaluated by use of the
boundary conditions at £= Q0. Differential equations (13), (14),and (16)

describe the simplified model. Boundary conditions for this third-order
system may be taken to be

yG =1 . TG = TGO at § =0
Tg = 0 at £ = L

Since second derivative terms in Yo and Te have been dropped, no down-

stream boundary conditions are needed for these variables.

2-10

i st - et Mt e

e e i 1 St o S M e o e s

e .
il R s ko HNALRES . 20t

ot s

T

e o s it . o
. il




s, Rk
Bty £

i s T

3

B

' - N e vl e e w1t TRV o tmeam same s s L s s ewmdmae ot TERACALTTN
L e . [,

F

S N v~ —

IV DISCUSSION

A, Effects of Flow Velocity on Temperature Distribution

The steady state wall-temperature profiles observed in the monolith

at various flor ra.es (Figure 3) demonstrate a pronounced variation in
shape as the inlet gas velocity is changed. Siace the dimensionless

distance variable £ in the model (Equation 5) is proportional to 6, one
expects temperature distributions at different speeds that are similar
to one another, differing only in the distance scale. Some evidence of

this effect is the experimental observation that the temperature maxima

on the curves move away from the entry as the flow velocity is increased.

However, the distance scale change doeg not explain “he difference in
the values of the temperature maxima or other differences in the shapes
of the curves. These effects can only appear in the model through the
Peclet parameters which are strongly velocity dependent. Thus heat con-
duction has an important effect on combustion. As the flow velocity

tends to 2ero, so do Pew and the second derivative of TS [ Equation (5)].

The model therefore predicts that the variation in the surface temperature

with distance will become more nearly linear as the velocity decreases.

The conclusion is supported by the data in Figure 3.

B. Contribution of Surface Reaction

Let F be an average value for (F + kb/Tb) over a short distance
from the inlet of the monolith. Then Equation (14) can be approximated

by

~

ot - -

The solution of this equation that satisfies the initial condition Yo " 1

at § = 0 is

STy i =7 s .- . ..

i
i
i
H
3
i

tin e
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Data in Figure 3 show that over the range of 6 employed, the surface
temperature reaches & maximum some distance from the inlet to the mono-
lith, indicative of a significant unburnt fuel fraction Yo in that region.
Based on the model, this rise in temperature within the monolith can
occur only it ¥ §l < 1, where §l is the value of § for x = 1. Now

§) = St/Ry
2 2/(0.0363 V)

based on the parameter values given in Table 1. Since 6 < 8 £/min, this
gives §l 2 6 and F < 1/6. Such small values of F imply kinetically
controlled conditions at the surface with is of the order of TG/6.
Apparently the catalytic surface activity is about three to four orders

of magnitude less than that measured for Pt wire.13

C. Contribution of Gas Phase Reaction

The temperature difference (TS - TG) plotted in Figure 5 is propor-

tional to the dimensionless variable A = TS - TG. Elimination of TG from
the transport terms of Equation (10) gives

@" -1y /Pe + T - M - A= EG Ye/Tg

At the maximum value for the surface temperature, T% = 0 and Tg is
negative. The experimental results (cf. Figures 3 and 5) demonstrate
also that A is near zero or negative, & is negative and 4" positive, so
that each term on the left of the equation is positive or zero. A
positive gas reaction term is needed to balance the equation. Thus the
model and the data correlate only 1f gas phase reaction is present at

least in the vicinity of the temperature maxima in the catalyst.

If thermal conduction is neglected in both the gas and the wall,
the model has an analytic solution. The solution exhibits for Lez 1 a
surface temperature that increases monotonically with distance into the

monolith, a condition irreconcilable with our experimental data.

2-12
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In the following section (Technical Report No. 3) wa apply numerical
analysis to the model and compare the theoretical data with the expaeri-

mental results.
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V CONCLUSIONS

Our experimental mulitichannel catalytic combustor presents i
sufficiently well-defined conditions for theoretical modeling. Temper-
ature profiles measured in the channels of the monolith correlate
qualitatively with a model that distinguishes between temperatures or
fuel fractions in the gas and at the catalytic surface.

The correlation indicates that axial heat conduction in the monolith
walls has an important influence on the pattern of reaction in the ducts

of the monolith, that the heterogeneous reaction on the catalytic sur- i

et bt bt it i Wl e bl AL ot s

faces of the monolith may be kinetically controlled, and that the }

- catalyzed reaction of the duct walls can act to initiate gas-phase
reaction.
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Appendix

THERMAL CONDUCTIVITY OF THE MONOLITH

If the temperature of the surface of a semi~infinite slab 1is raised
at a rate proportional to tn/2’ where t 1s the time and n is an integer,
then the temperature rise within the slab of depth x is proportional
to 1" erfe (x/2/nt) where » is the thermal diffusivity in the slab and
1" erfc is the n-th integral of the complement of the error funct::l.on.]'5
One may show that the dominant term of an expansion of 1ln [in erfc (u)],

is (-uz) for any n as u becomes large.

To determine X, the thermal diffusivity, for the monolith core used
in our experiments, the furnaces (Figure 2) were repositioned so that
the juncture between them coincided with the location of the inlet end
of the monolith. With the system at room temperature (298 K) sand without
any gas flow, thu ireheat section furnace (Figure 2) was enerzized,
causing the temperature of the inlet face of the monolith to rise mono-
tonocially with time. The face temperature, Tl, was monitored with a
thermocouple situated at the mouth of the central blocked channel of the
monolith. A second thermocouple, located in the adjacent channel exactly
3.8 ¢m from the inlet face, measured T2 simultaneously. The temperatures
recorded during the initial eight-minute interval are tabulated in
Table Al.

A plot of 1n('1‘1 ~ 298) versus ln T shows that the front face temper-
ature rose at a rate proportiomal to t™ with n = 4.5. Although n is not
ar integer, it may be expected that ln (T2 - 298) will be a linear
function of t_l for small t. The data from t = 5 to 8 minutes does

follow such a linear relation. From the slope one finds x = 0.11 cmz-s-l.

The average bulk density of the monolith, evaluated from the mea-
sured mass and dimensions of a cylindrical section is Py ™ 0.44 (g-cm'3).
This value is in reasonable agreement with published data16 for the

solid density of refractory glass ceramic material based on cordierite,
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after correcting for a volumetric void ratio of 0.70.
for this material is C_ = 0.21 (cal-g-l
we find

=1
hw = xpw Cw = 0.010 (cal'min “.s
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The specific heat

K1), 16 paged on these parameters
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Table Al

EARLY TIME MONOLITH TEMPERATURES CAUSED BY
HEATING OF THE PREHEAT SECTION

Time Temperatura (K)

c(min) T1 at x = 0

T2 at x = 3.8 cm

298
303
315
330
351.5
378
-405

435

W N N W WO

298

299.5
301.5
304

307.5
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NUMERICAL ANALYSIS OF CATALYTIC COMBUSTION

by

C. M. Ablow and H. Wise
ABSTRACT

A numerical analysis has been carried out of the contribution of g
surface~catalyzed and gas-phase reactions to the combustion of a dilute
propane~air mixture in a catalytid monolith reactor containing highly
dispersed platinum on its walls. The results obtained are in satisfac~ |
tory agreement with the experimental measurements of the temperature
profiles in the central duct of a multichannel monolith reactor.
Specifically the numerical investigation demonstrates the effects of

inlet gas velocity and inlet surface temperature on the location of the
temperature maximum in the reactor and the monolith length required to

attain a specified degree of conversion of fuel in the gas stream.
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I. Introduction

Catalytic combustion in a tubular reactor has been modeled by several

am:hot's.l-'6 The one=-dimensional model with slug flow appears to provide
a suitable approximation when account is taken of:

@ Reaction kinetics on the catalytic wall and in the gas
stream.

o Convection of heat and mass by the stream

o Axial conduction of heat in the stream and in the tube
wall

o Axial diffusion of reactants in the stream

e Radial diffusion of reactants and conduction of heat in
the stream

e Radial conduction of heat through the tube wall to the

exterior.

In order to obtain a better understanding of the interplay of the
fluid dynamic and kinetic parameters and their relative importance in
monolith combustion, we have carried out an analytic and numerical in-
vestigation of the solutions to a model applicable co the experimental
studies presented in the preceding Technical Report No. 2. Again the
contributions of surface-catalyzed and gas-phase reactions are of special

interest in ocur analysis of monolith combustion.

II. The Model

For a specified gas mixture of fuel and oxidizer the adiabatic
temperature rise ATA is a suitable unit for normallizing the temperature.
Nondimensional temperatures of the gas and the catalytic surface, T, and

G
Tg» are therefore defined by:

L TG/ATA » Tg ™ TS/ATA

where TG and TS are the actual temperatures. The ratio Yg O Yg of the
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fuel concentration YG or Ys to the initial concentration in the gas

strean YGO is a nondimensjonal fuel concentration variable, so that
¥6 = Yo/¥go + Y5 Yg/¥g -
The nondimensional axial distance £ is taken to be

g = x SC/RH

where x is the actual distance from the monolith entry, R.H is the hydrau-

lic radius of the duct, and St is the Stanton number, the ratio of heat
convection to heat transfer between wall and stream. If follows that

a temperature difference between two points, separated by one nondimen-
sional unit on the stream axis, will produce the same heat flux as that
difference would generate between two puints in the same duct cross-
section, one on the axis and one at the wall. ‘

The steady state equations for heat and mass balance in the gas
stream and at the duct wall can be combined7 into the three following

nondimensional differential equations:

T'é/Peb - f'G - Ty = Tg) *+ EG ¥g/tg =0 (1)
ygVLePeh - yb - FyG - kG yG/'rG =0 (2)
Tg/Pey +To = Tg + By = Ny (rg - 7p) (3)

F=1/(Le + TG/kS) ,

where the primes denote differentiation with respect to §, Le is the
Lewis number (the ratio of heat conduction to fuel diffusion), Peh the
Peclet number (the ratio of thermal convection to conduction in the gas

stream), and Pew the mixed Peclet number (the ratio of thermal comvection

in the stream to conduction in the duct wall), comstant NW is the ratio

of the heat transfer coefficients from the wall to the exterior.
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The nondimensional kinetic rate comnstants for gas phase reaction EG and
surface reaction ES are taken to be constant multiples of Arrhenius

exponential functions of the temperature, an adequate approximation for
fuel lean conditions (cf. Technical Report No. 2).

Because the monolith is of finite size the duct wall conducts no
heat through X = 0 and X = L so that

T'Sao at £ =0 and §£=§, . - (4)

For a duct in the center of the multichannel monolith, radial heat
transfer to the exterior is negligilble, Nw = 0, Continuity with in-
coming and outgoing unconfinad streams, in which radial heat transfer is
also negligible, makes a reasonably accurate model of the monolith envi-

ronment. As a resulft one obtains
T"G/Peh - T+ EG Yo/Tg = O (5)
y'e/Le Pe - v - k, yg/tg = 0 (6)
valid for § < 0 or § > €L,together with the boundary conditions
=] at § = -®
T, = yh = 0 at £ =@

Tg Tb' Ygr and yb are continuous at

-

g =0and § = §L (7)

In the next section we make further approximations and simplifications
of the model by consideration of the relative magnitudes of the transport
parameters.
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III Application

In the experimental set-up of monolith combustion described in

S N

Technical Report No. 2, the configuration of the monolith was so designed
. as to reduce radial heat losses to a minimum for the centrally located

ducts, as confirmed by the temperature measurements in a cross section of

the monolith. With Nw = (0, the sum of Equations (1), (2), and (3) reads ?
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(Ta + yé"/Le)/Peh + T'S'/Pew = Tb + yb

i

This may be integrated to give

(T'G + 1."(;/1.8)/1’eh + T'S/Pew ~Toty, - @) %
Loy
where ¢ 1is a constant of integration. Based on the transport parameters }
listed in Table 1 one finds that Peh differs by two orders of magnitude | é
N from Pe,. It is therefore reasonable to neglect the terms containing 3

Peh in Equation (4). Also with further approximation we neglect these

terms in Equatioms (1) and (2) to obtain the first order system

B

Th =15 =~ Tg + kG yG/'rG (8) f é
. i

o = ~(F + kgmovg © .
§

L - - :‘;

Tg = Pey (ﬁG +¥. c) (10) :

The neglect of thermal and mass diffusion in the stream allows dis-
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continuities of the diffu~ive flux at § = 0 and § = . so that the

L
) boundary conditions can be simplified to 1
4 -
] i
- = - ! = = ‘q l
Te ™ Teo s Ya 1 , Tg 0 at § =0 1

T, =0 at § =%

The conditions at § = 0 show that
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c= 1+ TGO .

Equations (8), (9), and (10) have been solved numericelly by the use
of a standard computer routine for solving initial-value problems. To
use the routine one specifies a value for TS at £ = 0. The correct Ts
has been chosen if the unused boundary conditions, r% = 0 at £ = §L, is
found to be satisfied. However, the numerical solutions show the surface
temperature increasing to a maximum and then falling with no leveling

off to meet the downstream conditions. This behavior is probably true

for iinearized versions of the equations which have solutions for Tg of
the form

Tg = A+ Be P + ce™5 4 pe~d5

where A, B, C, D, b, ¢, and d are real constants. The equation 1; = 0
may then be written

bB + oC e B¢)5 4 apeP~VE L g

This equation, like a three-term polynomial, can have at most two roots.
Thus T% can be zero in at most two points. Ome of these has been fixed
at £ = 0. The other is at the maximum for Tge The downstream boundary
condition cannot be satisfied in the linearized cases and probably not

for che nonlinear equations.

Using the coefficients listed in Table 1, we have obtained numerical

solutions for the axisl temperature distribution in the catalytic duct wall

as a function of the inlet surface temperature, TSO (Figure 1). It will
be noted that at the fixed inlet gas temperature, the value of Tso has a
pronounced effect on the temperature profile. Also a change in the
surface reaction rate, brought about mathematically by reducing the
preexponential coefficient by several orders of magnitude brings about

a marked change in the location of the temperature maximum and its ab-

solute valve (Figure 2). At higher inlet gas velocities (V = 6 1/min)
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the value of the inlet surface temperature has even a more pronounced
effect on the temperature profile (Figure 3). At an inlet temperature
Go - TSo = 1.5 K) the
surface reaction rate 1s tov slow to cause significant heat release. At

TSO slightly abnve the inlet gas temperature (T

somewhat higher inlet surface temperatures a marked exothermic reaction
is initiated. Under these corditions we observe that the maximum in the
temperature profile moves toward the duct inlet as TSO is increased.
This effect of the inlet surface temperature on the location of the

temperature maximum Xmax is further demonstrated in Figure 4.

Of special interest is che double~value property of xmax’ solutions
in which either the wall.temperature is very near the gas temperature at
entry and little heat is released, on one in which the two temperatures
are quite different and a graat deal of reaction has occurred. For
example at 6 = 6 1/min a maximum in the temperature profile within the
catalyst duct can be established at a distance c¢f 3 cm from the inlet
to the duct when TsO = 504 K and Tgo = 539 K. However the maximum
temperatures attained at the duct wall correspond to 505 K and 753 K,
respectively, as can be seen from the curves in Figure 5, in which we
have correlated the maximum surface temperatures in the duct with the
inlet surface temperatures. These two steady-states may be the result
of two reaction regimes, one a predominantly surface-catalyzed reaction
with limited heat release rate, and the other a surface initiated gas-

phase reaction with high heat release rate.

As expected this increase in heat release rate is reflected in the
fuel composition profiles obtained at several inlet surface temperatures
(Figure 6). Again we note the significant reduction in the fraction of

regidual fuel as we increase the value of TSO'

We have attempted to correlate the numerical results with the
experimental data of the preceding Technical Report No. 2. 1In Figures 2
and 3 we show the experimental temperatures measured in the catalytic
monclith at two inlet gas velocities. In fitting the experimental data
to the theoretical curves we obtain a '"best fit" on reducing the pre-

exponential factor in the Arrhenius equation for the surface catalyzed
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reaction by a factor of 10_4 frow that given in Table 1. The value of

E; listed was obtained in separate experiments employing a Pt-ribbon
rather than the type of wall coating with dispersed Pt on an insulator
support employed in the current study. Most likely the catalyst in the
monolith had lost some of the activity because of surface contaminaunts
introduced during its preparation or during the course of experimentation
on exposure to feed gas (propane and air) of modes or uanknown purity.

No attempt was made to "cleanf the catalytic surface preceding an ex-
periment. It 1s of intergst that little change in asctivity was detect-

able over the course of this experimental study.

Using the reduced value for catalyst activity. we observe a satis-
factory correlation between experimental results and numerical data.
We conclude that the gas-phase reaction initiated by the surface-
catalyzed reaction makes a significant contribution to the overall com-
bustion process. By this mode of operation in a catalytic duct the leat
release rate car be greatly augmented and the reactor volume considerably
reduced. As a result of'the homogeneous and heterogenecus reactions,

the high heat release rates can provide a suitable source for flame

holdiag in an afterburner.
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. Table 1
CONSTANTS AND FUNCTION COEFFICIENTS %
. AVERAGE ABOUT T = 600 K - {
(for the experimental conditions of i
Figure 1) ; 3
ATA = 358 K ; ?
St = 2.18/V i
Ry = 0.0363 cm 1
Le = 1.0 bos
i
Pe, = 0.225 V2 i
- Pe,, = 0.0031 V° |
R, = 8.67 x 107 exp (-8500/T )
k., = 2.15 x 10° exp(~10500/T,.) A B
¢ e |
E
"o * 500 K E
N, =0 :
L=15cm ' %
In the above V has the units (l-min-l) and T(K). :
P
P

=2~10
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FIGURE1 TEMPERATURE PROFILE IN CATALYTIC MONOLITH DUC™
M [Inlet: gas temperature = 5§00 K, 0.5 vol. % C:,‘H‘3 in air; surfac_o rate constant k: = ;
8.67 x 10% exp (-8500/1"):k; =215 x 105 exp {~10600/Tg; V= 2%/min) !
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FI-GURE 2

MONOLITH DUCT

EFFECT OF SURFACE REACTIVITY ON TEMPERATURE PROFILE IN CATALYTIC

[Inlet: gas temparature = 500 K, 0.5 vol. % CyHg n air; ko = 2.15 x 10% exp (-10,500 Tg):

k = 8.8 x 107 sxp (-8500/1‘5) V = 20/min)
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Inlet: Gas temperature = 800K; 0.5 vol % CaHain air; k; = 8.67 x 10° exp
(-BSOD/TS): V = 62/min]
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FIGURE 3 TEMPERATURE PROFILE IN CATALYTIC MONOLITH DUCT l I
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FIGURE 4
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o Exp. value V= 6 ¢/min »
® Exp. value V= 2 ¢/nin

16 32 64 128 256

INLET SURFACE TEMP. PARAMETER/1.4 (Tg4-500), (K]

LOCATION OF TEMPERATURE MAXIMUM
AT DIFFERENT GAS VELOCIT'ES

[Inlet: gas temperature = 500 K; 0.5 vol. % C
k] = 8.67 x 10° exp (-8600/T)]
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X nax \N CATALYTIC MONOLITH DUCT

aHg in air; k3 = 2,15 x 10° exp (~10,500/T);
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FIGURES5 MAXIMUM TEMPERATURE IN CATALYTIC MONOLITH DUCT AT VARIOUS INLET
SURFACE TEMPERATURES AND GAS VELOCITIES

[Iniet gas emparature = 500 K; 0.5 vol. % CyHgin air; k7 = 2.16 x 10° exp (-10,500/T,,);
k7 = 8.67 x 107 exp (-8500/T))
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FIGURE 6 RESIDUAL FUEL FRACTION IN CATALYTIC MONOLITH DUCT AT DIFFERENT
FUEL SURFACE TEMPERATURES

(Gas inlet temp. = 500 K; 0.5 vol. % C:‘Ha in air, gas flow 6¢/min; k; and k: same as 3
in Figures 4 and 5)
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